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BOILING HEAT TRANSFER

S. S. Kutateladze

Introduction

Bolling heat transfer plays a very lmportarnt part in the solu-
tion of a number of problems In new technology and has great appli-
cation to industrial power englneering. However, the forcing levels
of the heat-transfer surfaces in these cases can differ by several
order; of magnitude. For example, in refrigeration engineering,
when freon bolls, the heat flux has densitiles of the order of
10° kcal/m2hr; in the evaporators of hydroelectric stations they are
of the order of 10%; 1n water-moderated water-cooled reactors of
nuclear power plants they are of the order of 10%; in the elements
of Jet englnes they are of the order of 107 kcal/m#hr,

In nuclear reactors and other highly-forced installatlons the
decisive factor is the critical density of the heat flux; this deter-
mines the upper safety limit for the aggregate.

In the apparatus used in industrlal power englineering the abso-
lute values of the heat-transfer coefflcients are of importance,

since in such devices these coefficients are usually of the same
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order for warming and for heated media.

Film bolling occurs in hardening processes, at near—crit;cal
presaures, and in certaln other speclflc cases,

This report 1s devoted to the problems of heat transfer 1n
nucleate boiling. Nucleate bolling 1s characterized by the formation
of vapor at 1ndividual sites on the heating surface, the so-called
evaporation centers, and lmparts to the lliquid and vapor mixture a
very complex inhomogeneous structure. Thls phenomenon pertailns to
one of the most complex problems in the hydrodynamics of liguid-
vapor systems, namely to flows in which the phese components of the
flux are separated iInto lndilvidual formations bounded by the mobile
phase interfaces. These formatlons ( bubbles, drops, films), variable
in space and tlme, are very numerous, so that here the probabllity
laws of a multi-element system should be In effect,

At present there are no consistent analytical methods for such
systems. The purpose cof the present work 1s to discuss some of the
main questlons of the bolling heat-transfer theory and to generallze

the results of experimental work,

Nomenclature
C ~speclfic heat
D = 2R-dlameter
g —-acceleration due to gravity
AL ~difference between the mean enthalpy of the flux and the
enthalpy of the saturated liquid
L -length
jo -pressurec
q ~heat-flux density

PTD-TT-£2-50 /. ., .
) ,



a -criltical heat-flux density

cr
T ~latent heat of evaporation
T ~-temperature
" ~saturation temperature above a plane
Wo ~clrculation rate
X ~vapor content of the flux by welght
a ~heat~transfer coefficient
B -vapor content of the flux by volume
Y -speclric welght
o) ~transverse linecar dimension of the channel
3+ -heating <of the flow core to below the saturation temper-
ature
A -coefficlent of thermal conductivity
v -coefflcient of kinematlc viscosity
o] -coefficient of surface tension
T ~-time
Indexes: "-Vapor phase, i-phase interface,.

The Origin of Steam Bubbles

The 1ntensity of nucleate-boiling heat transfer is due to the
interaction of convection assoclated wlth the dilrected motlon of the
entire flow of liquid, and local convectlon, caused by the origina-
tion, growth, and fictation of steam bubbles. With sufficlently
high heat-flux densities, i.e., at conslderabie vapor formatlon rates,
the last process is decilsive,

The probabillity of the origination of a vapor-phase nucleus in
a superheated liquid is proportional to the number e ralsed to a
power which 1s inversely proportiocnal to (at) 8, Consequently, vapor

bubbles should occur in the immediate vicinity of the heating surface,
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where superheating of the liquid 1s greatest, compared with the satu-
ration temperature above a plane.

Certaln works on bolling heat transfer have used G, N, Kruzhllin's
erroneous viewpoint [21, 22] that vapor bubbles originate on rough
projections, At present we can state that the bolling centers on a
solld surface are depressions, pores, concavlties at the bases of
tubercles, and rough places, Andreyev [5], examining cylindrical
pores, wag flrst to indicate such a mechanism. This was then examlned
by Nesis [33] and Courty and Foust [57]. The origlnation of & vapor
bubble or a conlcal pore was examined by Courty [57], Bankoff [541],
and others, Zuber [73] has published a review of these works.

Thus, the bolling process is due not only to the probabllity of
nucleation with given superheating of the liquld, but also to the
probabllity of the distribution of vapor-formation centers on the
heating surfaces. The probable occurrence of vapor bubbles on a
solid surface 1s clearly proved by the freguency disfribution curve
of their formation; these were cobtalned for several pressures by
Zysina and the author [15]. Analogous curves were later obtained by
Treshchev [48] for bolling when the liquid flow core is heated to
the saturation temperature, The detachment diameter cf bubbles 1s
also a varilable value, subject to a certain distribution., Under
static conditlons, the detachment dlameter of a bubble on a smooth
surface is defined, according to calculations by Fritz [60], by the

formula [23]

= g __ .
.D,*ﬁ,ﬁzg (__ f”

(1)
The varlability of Dg 1ndlcates that the value of the edge angle 6°
cannot be regarded as a definite characteristic of a great expanse

of the heating surface. In addition, recent motilon pictures made at

.




the Thermophysics Institute show that with intense bolling; the bubble
before detachment has complex form and 1s attached, in part, to the

heating surface by a cylindrical neck.
These facts clearly demonstrate that the hydrodynamlc and thermal

processes during nucleate bolling can be degscribed only statistically.

The Rate of Growth of a Vapor Bubble

The rate of growth of a vapor bubble is associated wlth the heat-

flux density at 1ts surface by the equation

arR _.__ 931
ar = Tw 7 (2)

Boshjakowic [55] used thils relatlon to determine the value qy
from the experimental data of Jakob et al, [64, 65].
If we consider the liquid medium around the bubble to be ilmmo-

bile,

7, =C(T-7, )y 22,

(3)

where the proportionallity factor C, according tc Plesset and Zwick

T
2} iceaJ
= 1.6, Here T is the temperature of the superheated liquid and

[67], 1s\/3, while according to Forster and Zuber [59] 1t 1s

T"

1 1s the saturation temperature at the boundary of the bubble,

Accordlng to thls formula, for the condltions of the formation

of one of the vapor bubbles photographed by Zysina and me, we hLave

T, sec 0.00475 { 0,0095 0.0285

Gy keal/m?hr {203,000 | 143,000 £3,000




Under conditions of thermodynamlc equilibrium, for a spherlcal
bubble

()
During heat transfer, thermodynamlc equilibrilum is absent, the
bubble grows due to evaporation of the llquld in it, and the value
T, differs from (4). Assuming that there 1s only vapor in the bubble

we can, 1ln the first approximation, relate the evaporation rate and

the pressure drop in the vapor boundary layer by the famlliar kinetlcs

hy ~§ el g (5)

where € < 1 is the accomodation coefficient, B 1s the unlversal gas

formula

constant, and m 1s the molecular welght.

The correspondling change in the saturation temperature

AT”=E§"‘" 271'5-7:'—: _d]_',',
9 ;7 V am dpP (6)
Adding (4) and (6). we find that _
Tre T [200 (a7 BT" 14T
1= R T f‘c g 7 (7)

”
where dv__%%gﬁ§1_ In technical units, A =

427 '
Figure 1 compares the terms in brackets in Formula (7). From

the flgure it 1s clearly evident that even when £ = 1 the correction
assoclated with evapcration kinetics 1s not only commensurate wilth
the correction for the curvature of the phase lnterface, but in a

number of cases can even exceed 1it,
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Fig. 1. Values of ATy and AT| according
to Fermula (7). 4

First Heat Flux Oritical Density with Flow in Tubes and Channels

Any examination of the bolling process must begln with the
problem of free convection 1n a large volume of liguld., However, in
technology the most essentlal problem 1s the forced flow of a bolilng
ligquid in tubes and channels,

At the present time much experimental data are avallable on
critical heat fluxes 1n tubes,; whille there i1s not much avallable on
fluxes 1n slit channels,

It 15 extremely important to explain the effect of flow-rate
pulsations on the value P There are a great many operatlonal and
thermophysical parameters which determine the 1limiting density of
the heat flux for which nucleate bolling and, consequently, high

heat-transfer Iintensity are still maintalined. In this regard, the



question of methods of a generalized analysls of the examined phenom=-
enon and rational forms of the comnection between i1ts determining
values 1s c¢f primary Ilmportance.

Two hypotheses have been advanced with regard to the boiling
crisis in large wvolumes of liquids,

The first of these, proposed by the author [24, 25], presumes
that the transition from nucleate to film boiling is a gualitatlively
specilfic process, the basls of which 1l the loss of stabllity of the
structure of a two-phase boundary layer which existed prior to the
crisis,

In thls case, as for any hydrodynamic crisls, the transition
from one bolling roint to another 1ls determined not by a strictly

fixed value (1n this case g but only by its most probable value.

op) 5

The second hypethesis, most clearly formulated by G, N, Kruzhilin
[21] is based on the assumption that during the flrst bolling crisis
no new gualitative peculiarities arise and, consequently, the critieal
heat flux density is determined by the same 1lnitial group of general-~
ized parameters (similarity criteria) as is the heat-transfer coeffi-
cient during nucleate bolllng. This hypothesls has not been developed
for forced flow, while for free convection bolllng, as has been
polnted out [28], 1t has resulted in an unjustiflably complex empir-
lcal formula,

According to the hydrodynamlc hypothesis, the transition from
nucleate to fllm beolling begins with a lcss 1in the stability of the
two-phase boundary layer 1n one of the small regions of the heating
surface, and the formation of a stable vapor "spot." The increase
in temperature occurring beneath this "spot." due to a decrease in

the heat-transfer coefflcient, results in further development and
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propagation of film bolling along the heatlng surface. Such a system
1s In complete agreement with that observed during bolling on heat-
resistant (e.g., graphite) rods and plates,

It 18 not too difficult to describe the condltlons of the mechan-
lcal interaction between vapor and a liquid for a differential element
of the phase interface cf such a system. Here, since 1t 1is a ques-
tion of the local stability of structure, the matter of boundary
conditions for the entire system does not arise. Accordingly, the
system of equatlons consists of motion and contlnulty for each phase,
and conditions of the mechanical phase interaction at the interface
[25].

Treating an Invisclid llquid, we can also use Rayleigh'!s theory
of the stabllity of a double-layer flux [39].

When the problem is treated thus, the value to be determined is
the critical vapor rate, and the gquestlon arises as to the connection
between the local value and the mean heat flux denslty at the heating
surface,

Evlidently, the only actual measure of the rate of vapor formation
1s the wvalue

s,

v (8)
the maximum amount of vapor which can form per unit of the heating
surface per unit time.

Here we will examine the maximum amount of vapor, since in the
general case part of the heat flux q may not be expended on vapor
formation (e.g., 1n & flux with a core which 1s heated to below the
saturatlon temperature).

Yet another characteristic 1s evident from the heat balance of

the mixture; this can be represented as the criterion

Qs



b 4
K=3z5

(9)
where Al 1s the difference between the mean enthalpy of the flux and
the enthalpy of the saturated liquild.

In a flow of saturated liquid, ”%f = X, where X 1s the vapor
content by welght, i.e., in this case the criterion K actually has
purely hydrodynamlc slgnificance,
where 4 = ™ - T is the

When T < T", the criterion K = ;; s
subheating of the flow core to the saturatlon temperature., In this
case, K 1s purely hydrodynamic only when the heat-transfer mechanlsm
1s completely turbulent; this is a measure of the decrease in vapor
flux due to condensation in the cold core. If the molecular thermal
conductlvity is slgnificant, the criterlon K is assoclated with the
Prandtl number Pr as a thermal crilterion. We will not discuss thils
at this time.

The stability of a two-phase system 1s always influenced by the
kinetic head of the origlnating phascc, the measure of which, 1n this

case, 1s the value
j./’_z‘_'
[‘“”” g 7 (10)

gravity, and surface tension, As the measure of the Joint actlon of

these two latter forces (keeping (1) in mind) we can use the value

#” ]/,_._Q:__
(f-a"/ r-r” ' (11)

The square root of the ratlo of these values 1s the criterion
(24, 25]
— i ? v
eyt Ve r-r”] (12)

When g = q__ criterion (12) becomes definite,
er

=10~




If we use the Rayleilgh stability crilterion, crilterion K assumes

the form £ = %
War (L) foltre (13)

The value of this group for the first critical heat-flux density

(the occurrence of film boiling) 1s designated by the index 1; for
the second critlical heat-flux density (déstruction of the vapor film)
the value is designated by the 1ndex 2,
The difference between expressions (12) and (13), the value
\h_4{¥:has no essential significance, and 1s associated with the
solution of the Initial system of equations used by Raylelgh.
Various authors [2%, 25, 26] have shown that within the frame-
work of these assumptions we have the followlng connection between

the dimenslonless criteria:

k=¢[w{r:€}’9 25’ ;:"Q/ffjh 4 (14)

Ilerc we should give a distribution law for the feed of heat
along the heating surface.
For an underheated liquid the hydrodynamle hypothe:is has re-

sulted in a conclusilon as to the existence {at least in first approx-

imatlon) of a llnear relationshlp between the criteria K and o1
in the form q
ery
At
q -1 B+ .
cr,o [r (15)

For purely turbulent transfer the coefficlent B is a certailn
constant. If molecular heat conductivity influences the heat trans-
fer near the nascent elements of the vapor phase [e.g., according
to (3) ], the coeffilclent B 1s a function of the Ar and Pr criteria,

Turning to experimental data, let us note that desplite numerous

investigations, the varlous results are not in satisfactory agree-
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ment., Here we are speaking not only of the purely quantitative dis-
crepancles which can be explalned by the instability of the data on
crlticel regimes,

A number of the discrepancles were explained after the role of
preincluded volumes in the occurence of pulsation and the 1nfluence
of the length of the heated segment had been explained [4, 11, 46].

Most experiments on sllt channels and tubes lndicate that the

Influence of the slit-width or the diameter is slight, when

8= (1~ ) - (16)

The linear relationship between Aop and Al in the underheating
region v > 0 1s satisfactorily verifled by experlimental data for
relatively open channels with pressures up to critical, Povarin and
Semenov have verifled the satisfactory nature of this relationship
for liquid flow-rates to 40 m/sec [36].

The experiments by varlous authors [12, 13, 17, 46, 52] have
distinetly verified the general nature of relation (15). However,
the numerical values of B and n are not the same in various experi-
ments,

The experiments of Zenkevich [13] and Miropol'skly and Shitsman
[17] give a clear relationship bétween 4., and wo when ¥ S 0; this

is satisfactorily described by the empirical formula [24, 25]

°Ys n,0 125
k.. =0,025w, (L=
40 0 [926"/ (17)

where Kijo 1s the value of the complex K; when % = 0.

The experiments of Chirkin and Yukin, Averiln and Kruzhilin,
and the author, on the flow of water in wlde annular channels are
also satilsfactorlly described by a formula of the type 1n (17) but

with a proportionality factor of 0,085 [25, 26]. Ornatskiy's

s D



results [35] are, quantitatively, about 30% lower,

Experiments by Doroshchykin and Frid [11, 17] have shown the
weaker effect of liquid flow-rate on g,,, while there is a slight
Influence of wg on the coefficlent B.

The experiments by Aladt!yev and Dadonov [3] differ in this
reépect from the data examined above. 1In these experiments wpo has
practically no effect on Qep at low pressures, while at high pres-—
sures this effect 1s relatively slight and the monotonlc relation
between the coefficientf%é%)nand pressure 1s destroyed,

The work by Povarnin and Semenov [36] contains a discussion of
the connection between Ay and wg for high liguid flow-rates,

In the regicn x > 0, 1,e., in the flow of a saturated vapor-
liquid mixture, the relationships for q,, are even more complex, It
has been rellably established that the degree of influence of vapor
content depends on the mass flow-rate of the mixture or, in other

words, on the so-called clrculation rate

G
W=-_~.__sam-
fore (18)

where Gsm is the mass flow-rate of the mixture per second, and £ is
the cross sectlion area of the canal,

In the absence of pulsatlions Kg%%lfo' l1.e,, the critical heat
flux denslty decreases, despite the essential 1ncrease in the mean
flow-rate of the liguid with lncreased vapor content of the mlxture,
Comparing this result with (17), we must conclude that lncreased
vapor content of the flux essentially changes the vapor content of
the near-wall layer and facllitates destruction of the liquid
structures existing in this layer.

From the available experimental data we can note a more or less

clear dependence only for the region of vapor content by volume

%




B < 0.9. Since the vapor contents by volume and by welght are asso-

ciated by the formula

(19)
the values B < 0.9 at low pressures correspond to very slight vapor
content by welght, whille at hlgh pressures the vapor content by
welght 1s of the order of 0.1 and greater,

R. A, Rybin has processed the experimental data of Aladlyev,
Bukhberg, Doroshchuk, Dzhekeg, Layne, Miropol'tskly, Subbotin, et al.,
pertaining to tubes of 9mm and more dlameter, the vapor content
0 < B < 0.9, and inlet conditions where the water entering the exper-
imental sector was heated to Just below the saturation temperature.

The results for two values of the criterion

- -
£ %[9“" (20)

are shown 1n Filg, 2, from which can be seen the absolute discrep-
ancies among various observations, and the over-all scatter of the
experimental pocints.,
It 1s interesting to note that the average lines at poilnt
f = 0 practically coincide with calculations by Formula (17).
Figure 3 shows averaged straight lines for various values of
criterion (20). As can be seen, as thls criterion decreases, i,e.,
the cilrculation rate decreases, the relative vapor content also
decreases.
For the region of high vapor content by welght (B > 0.9) there
are not enough avallable experimental data for generalizations.
Thus, systematic compllation and further accumulation of exper-
imental datals a necessary condition for congtructing reliable com-

putatlional dependences for Qop wlith flow 1n tubes and channels.

Ll
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Fig, 3. The value Ky vs. B and F, according
to averaged lines,

In this regard, the complex empirlical formulas proposed by Zenkevlch

and Ivashkevich [13, 16] can be consldered as a first, and not very

successful, attempt.

Critical Heat-Flux Denslty with Free Convectlon in a

Large-Volume Llguld

results of applylng the hydrodynamlc theory of boiling

crises to conditlons of free convection 1n a large-volume liquid are

qulte famillar, and reduce to the following baslic relationshilps

[24, 25]:

Kio = const; (21)
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Zera 2 g, (z2)
qcr, 1
Formula (15) expresses the effect of not heating the liquid mass to
the saturatlon temperature.
Using the Rayleigh theory of the stabllity of a two-layer flux,
Zuber and Tribus [72] found that in an inviscid liquild

612 < ky <016
B=53(Pifn) %
n=2 (23)

Relation (3) was also used in calculating the latter two cceffi-
clents,

It 1s interesting to note that complex B, according to (23), is
a very slowly changing value. The theoretical values of (23) closely
agree wlth most experlimental data,

However, 1t 1s lmportant not to be concerned with this good
qualitative and quantitative verification of the theory, but to
discuss the varlous discrepancies noted. Evidently, 1f these devia-
tilons are not associated with lnaccurate experiments and data on the
physlcal properties of the lnvestlgated substance, they should serve
as the starting polnt for further development of the theory, We are
speaking of small (< 0.1) values of K; for molten salts using approx-
imately the same values for K, as in Robin's experiments [38], and
deviations of B and n 1n experlments for biphenyl from the values of
these factors for water and alcohol [27].

Very 1lnteresting results on critical heat fluxes in mlxtures
have been obtained by van Wljk, van Stralen [T0], and Fastovskly
and Artym [51] for thin-wire boiling. They found that when a binary

-16 -



mixture has a speclfic composition, the value qcr, 1 considerably
exceeds the corresponding values for each of the components. For
pure components the obtained values for the critlcal heat flux are
in good agreement wilth Formula (21), when Borishanskiy's corrections

for viscosity [6, 25] are introduced:
Koo =ﬂ,j3+4/4,-;“. (24)
The mechanism of this phenomenon 1s far from clear, However,
the experiments conducted by Bobrovich et al.,, at the Thermophysics
Institute, using heating surfaces larger than those in the above-
mentioned experiments, did not reveal thilis effect 1n any clearly

recognizable form (Fig. 4).
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Fig. 4. The value Qo 1 V8. concentration
of agueous butanol: @ 2 wire, p = 9.8 atm

(abs.); O - plate, p = 11 atm (abs.).

The Effect of Forced Convection on Heat Transfer with

Nucleate Bolling in Tubes

The influence of dilirected convectlon,characterized by the mass
flow rate and the vapor content of the flux, on the intensity of
nucleate~boiling heat transfer depends on the heat-flux density and

the phyvsical properties of the heat~transfer agent, Sterman,

~17-



Styushin, Sorokin, et al., [18, 41 - 44] have devoted much effort to
this problem.

With high pressure and strong heat fluxes, the flow rate depends
only slightly on the nucleate-=bolllng heat-transfer coefficlent; this
has been verified by the experiments of Alad'yev, Armand, et al.,

[2, 47].

At low pressure and moderate heat fluxes this effect can be
qulte essentlal.

Ag the author has shown [24, 29], the effect of the influence
of circulatlon rate on the nucleate heat-transfer coefflicient can be
estimated from the ratio of the heat-transfer coefficlents during the
flow of a nonbolling liquld ap and during developed boiling ago.

In that reglon where vapor formation has no effect, we have

& =@

(25)
whereupon .
2i=0, 11, f=0, }
wdu‘ Lo .
o, ” f :(7’ -/ 1. (26)

The simplest lnterpolation formula which satlisfleg conditions
(26) 1is .

-f-{'—‘: ”11' ngf- " .
oly l/ {o{,) (27)‘

Flgure 5 shows a vs. wp and g from one of Sterman's experiments,
From the figure it 1s clearly evlident that the influence of clrcula-
tion rate decreases with increasing g,

Processing of these experiments has shown that a value n = 2
can be considered convenlent for practical calculations [29],

The value ago, the heat-transfer coefflclent during developed

boiling, 1s determined for a given llguid by the formula

~18-
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o, =Clr)g"". (28)

The values of the pressure function C(p) according to experil-
ments with the boiling of water in tubes are given 1n Fig. 6 from
data of Alad'yev, Sterman, et al., [2, 44, 47]. This relation is
qualitatively analogous to, but somewhat lower than, that obtalned
by Borishanskiy [7] in his experiments with free-convectlon bolling
in a large-volume liquid. This 20-30% quantitative discrepancy is
of relatively slight significance.

This dependence holds when B < 0.7, It should be noted that the
avallable experimental data are by no means ample for these wvapor
contents. For the reglion B8 > 0.7, however, the avallable data are
Iinsufficient for generalizations,

Experiments by Tarasova, Armand, and Kon'kov [47], conducted at
a pressure of 170 atm (abs.) have shown that when 8 > 0.7 there
occurs first an increase and then a sharp drop in the value of the

heat-transfer coefficient.

~1G-
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according to [2]; O ~ according to [44]; A -
according to [47j; curve 1 according to
Kruzhilint's formula; curve 2 according to
Kutateladze's formula. In the general form-
ulas the proportlionality factors are reduced
by 20%.

Developed Nucleate-~Boiling Heat Transfer

The lack of influence of veloclity and channel dimensions on the
heat-transfer coefficlent during developed nucleate boiling (at least
when B < 0.7 and D> 3 &= ) 1s assoclated with the fact that in
this case the washlng of the heating surface by the liquld is com-
pletely determined strictly by the process of vapor formation, This
18 yet another verification of the qualitative difference in heat-
transfer mechanlsms during nucleate bolling and during the origination
of film boiling, since the value Qop 1s quite clearly a function of
veloclty 1n those cases where o 1s practlcally independent of it.

Thus, during developed bolling, only the heat-flux density g
is an operatilonal factor with regpect to the heat-transfer coeffz-
clent, In additlon, influence 1s exerted by the group of physical

properties of the medlum which change along the satwuration line,
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The probable distribution of vapor formation centers along the
heating surface and the process of the generation of vapor bubbles
cause the hydrodynamic and thermal situatilons to be unstable In the
near-wall region, as has been mentloned previously.

In this regard, the values of the heat-transfer coefflclents
are far from identical in various experiments. Proper attention 1s
not devoted to this cilrcumstance, and individual experimenters per-
slstently conslder that only theilr data are rellable.

When determining the criteria of similarity of the heat-transfer
process 1t 18 necessary to examln- the interaction of the entlre
flux with the heating surface, l.e., the investigation must not be
restricted merely to local conditlons, as was done in %“he problem of
the critical regime. Thls causes ag yet insurmountable difficultles
in the formulation of a corresponding system of equations to which,
in addition, must be added, in the glven case, condltlons at the
boundarles of the systemn.

However, these difficulties differ little from similar 4iffi-
cultles in the analytical formulation of ordinary turbulent flow
where the flux also conslsts of the statlistical aggregate of final
formatlons which are variable in time and space,

Since during bolling various areas 1n space have differing
physical propertiles (1iqu1d and vapor), the mathematical formulation
of the problem should encompass relationships for the phenomena
within each reglon and also for the interactlons (mechanical and
thermal) on their surfaces, il.e., at the phase interfaces.

The condltions on the boundary of the entire system, 1l,e., on
the heatlng surface, should be given independently.

All reactions in a two-phase flux of any complexlty are a direect

result of a group of local reactions. Therefore, 1f we assume that
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this aggregate does not 1ntroduce any particular physical magnltudes,
the apparatus for derlving the sirllarity criteria consists of a
system of differential motion and thermal-conductivity equations in
each phase, the conditlons of local reactions at the interfaces, and
the conditlons on the heating suriace (proper boundary conditions).
This problem has been presented 1n such form by the author
[23, 24] and later by Eygenson [53].
This approach to the derivation of simllitude conditlons can

be formulated in two ways:

1) we wrlte tne heat-transfer and motion equations in each phase
in differential form, the equatlions of the reaction on a differential

element of the interface, and the conditions at the system boundarles;

2) we wrlte the heat-transfer and motlon equations in differ-
ential form for the dominant phase 1n the process (for the liguid in
nucleate bolling). The second phase is treated as the final elements
of speclfic form (e.g., spherical vapor bubbles). We write the
motion equations for the center of gravity of such an element and the
heat-balance equations. The conditions at the boundaries of the
system are given as in the first case.

We can also compile a system of equations by consldering the new
phase as a heat and mass sink [10, 42]. Methodologhcally, this is
no different from that given atove, but in this case the discrete
elements of the new phase must be consldered as materlal points,
Therefore, such a method can be used when the region encompassed by
the process 1s very large compared wlth the elements of the dispersed
phase.

Both methods are basically identical, since the eguatlon of
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motion of the center of gravity of a bubble can be obtalned by solv-
ing the combination of motion-equation systems for both phases.
Such soliutions have been in flnal form for individual reglons of
Reynolds numbers by Hadamard [6l], Rybchilnsky [69], and Levich {30].
Naturally, the system of equations should correspond to the model
uged for the actual physlcal processg, and be closed, in the sense
that the number of equatlons corresponds to the number of unknowns
contalned therein. However, the degree of correspondence of the
model to the actual process 1s determined, in final analysis, by
comparison with the results of generalization of the experimental
data, This factor, naturally, 1s not a feature of the boilling pro-
cess, but has general significance [19].
Examination of the motion and thermal-conductivity equations
of the liguld, taking into account the equations of motion and of
mechanical and thermal reactions of the vapor phase, ylelds three

crilterila; ~

‘ 4 ¥
Rey=i7i7 ()" s

_ % "
= () (- F)

*

D 4
-
(29)

Here, as the velocity scale, we have the value ;3;— s While as the
linear-dimension scale we have \G/vy".

With very intense boiling, the near-wall layer can be so agi~
tated that the influence of molecular viscosity can be disregarded
in the motlcn equation, In such a case, lnstead of the three criteris

(29) we have only two:

‘ P
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This holds, in partlicular, for mecdla with Pr << 1. From the boundary

conditions it follows that

.___oi( a_)*%
Mee=3 (7o) (31)
This crilterion was introduced by Jakob [65].

The condltion of continulty of the temperature fleld at thz

phase interfaces has the form

Ta, =Ty, =7y (32)

If, as was done by Kruzhilin [21], we define T! according to

i
Formula (4) we get another new criterion which can be represented

in the form

K = cery?
¢ AcrTVEr-rYy

(22)
If we consglder the kinetics of evaporation, as was done by

Zysin [14, 24], we have the criterion

£ ‘ 4
Ko = Varrey (34)

As was shown above, the terms of the equation that result In
these two criterla are at least conjugate,

d
If we assume that'jﬁ%?fj-%%y we have

K, P
K “Ksrt-7)
Ke (25)
where
4
K;E:CT'
(36)

It 1s difficult to process experimental data with the inclu-
slon of the criteria K. and K (or L and Kg(y"/v)). It appears,
however, that for many llqulds there 1s practlcally a single-value

relatlonship between these criteria, This explains the fact that

.



empirilcal formulas constructed for a limlted system of criterila of

the type

NM*_—-ji (B' ’ ’?ei-)‘ /(P)
Nuy=f, (i Rey; K:) (37)

give more or less satisfactory results,

For a speciflc liquild, one of these processing methods has
sllight preference, Tobilevich [49] and certailn other authors have
shown that processing using the criterion Kb gives better results,
particularly in the region of high pressures. In particular, this
is true of water, an ilmportant work ng substance {Fig. 6).

In striving to lmprove the agreenment with experimental data,
certain authors have constructed formulas that contain a limlted
number of criteria and have individual constants for each liquid,
In certalin formulas these constants are even dimensional. Such
formulas hzve been derived by Rohsenow [68], Aladlyev [2], Jakob
[66], Tolubinskly [50], and Levy [62]1. Evidently, in this case
simple empirlcal formulas for a given mass are preferable,

Alad'yev has given a successful formula of this type for water;
this can be gilven convenlently in the form

o w—*~51121f”7"
1-255-107*¢ (38)
where C 1s a constant which characterlzes the heating surface, With
tube boilling, C=x2,1; for large-volume beiling in brass plpes
C=~2.6; for large-volume boillng Iin stalnless steel pipes C=x3,

Methods of constructing empirical formulas on the basils of the
theory of corresponding states of matter are also useful 1n this
respect. This question has been treated by Novikov [34], Rychkov
[40], Borishanskiy [8], and others.
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Conclusions

1., The avallable theoretical and experimental data on the mech-
anism of nucleate bolling pertain malnly to conditions in which the
bubbles still react wlth one another only weakly. When a saturated
liquild boils in a reglon of high heat-flux densities, the mechanism
of the development of vapor bubbles changes substantially. Further
Investigations of such types are necessary to construct a relatlvely
complete theory of nucleate boiling.

2. The hypothesls of the hydrodynamic nature of crises in
bolling and the development of a crisils from local disturbances in
the stability of the two-phase boundary layer has made it possible
fo formulate a system of differential equations to describe this
process, to select a ratlonal form of the specific criterion, and
select a system of baslc specific criteria,

On the basis of this hypothesis, theoretical formulas have been
derived for the flrst critlecal heat-flux density in a large volume
of free-~convection liquid.

The qualitative concluslons from the hydrodynamlc hypothesis
are also verified by data on forced flow,

Further development of this problem requires vest study of the
crltical phenomena for the flow of ligquids with varlous physilcal
properties and accurate notation of the experiment conditilons.

1t is particularly important to gather experimental data on the
posltive vapor contents of a flux,

3. The influence of circulation rate on the nucleate-boiling
heat-transfer coefficilent depends on the relation of intensities of

heat transfer during ordinary convection and during developed
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bolling. In certalin cases thls influence can be quite substantial
and ald in Intensifying the operatlion of the heat-exchanger.

4, Strict formulation of the problem of the intensity of nucleate-
boiling heat-transfer is possilble only by examinlng statlstically
the multitude of final elements which are varlable 1n space and time.
Such statlstlics are lacking at the present time.

The above-mentioned methods for clrcumventing this difficulty
in deriving similitude conditions result in a relatively complete
system of hydrodynamic and thermal criteria. Condltions on the heat-
ing surface cannot be strictly formulated.

5. Practically no studies have been made of condltions of heat-
transfer during the boiling of binary mixtures and for certain other
speclal cases. The amount of work done along this llne in no way
corresponds Lo the practical and theoretical slgniflcance of the

problem,
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